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Abstract 
      Polycrystalline Zn1-xCrxO (0.01 ≤ x ≤ 0.09) samples synthesized by solid state reaction 
technique were sintered at different temperatures following slow step sintering schedule. 
Structural, micro-structural, optical, magnetic properties and homogeneity were investigated 
using suitable characterisation techniques. Cr2O3 and CrO2   phases have been detected in the 
XRD patterns and Raman spectra of Zn1-xCrxO samples with x ≥ 0.05. Photoluminescence 
study has indicated improved optical property of the samples compared to undoped ZnO. 
While low percentage Cr doped samples showed diamagnetic behaviour, higher percentage 
doped samples (≥ 5%) exhibited ferromagnetic, paramagnetic and anti-ferromagnetic 
behaviours depending upon the sintering temperatures. The magnetic properties have been 
analysed through Electron Spin Resonance study. A g-value of 1.97 indicates Cr in +3 
valence state in doped ZnO system.  Presence of Cr3+ and Cr4+ in ZnO is understood to 
facilitate super exchange interactions to promote ferromagnetism at room temperature. ESR 
study shows improved magnetic homogeneity achieved by slow step sintering process. 
Keywords:  Semiconductors; Magnetic properties; Raman Spectroscopy; X-ray diffraction; 
Electronic paramagnetic resonance; Photoluminescence Spectroscopy; Ferromagnetism; 
Diluted Magnetic Semiconductors, Anti-ferromagnetism; Paramagnetism.   
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CHAPTER ONE 
1.0 Introduction 
       Starting from the Stone Age in the ancient civilization through medieval technologies 
to the industrial revolution in the 19thand 20th century, materials have played a pivotal role in 
human advancement. As we enter into the new millennium, high value added advanced 
materials in form of metals, alloys, ceramics and composites are in the forefront to solve 
current problems faced in the world. Research  on quantum computers, nanotechnology, 
bioengineering, nuclear fusion, advanced materials, superconductivity,  alternative fuels, 
LEDs and solar cells are on the forefront to solve problems like energy crisis, pollution and 
environmental safety [1-3].  In space science, similar developments are also observed in 
spacecraft designing and space missions. Where application of materials has been our ultimate 
goal, a firm theoretical basis is needed for its efficient implementation, giving attention to 
understand materials’ behavior from the atomic level using various advanced analytical 
techniques. Among all the materials, semiconductors could find a very important place owing 
to its tremendous application in communication, computer industry and information 
technology. All long recent half of the century, miniaturization of semiconductor devices has 
hold a major focal point in society to increase integration, increase functionality, and cut 
down energy usage. Apart from the conventional elemental semiconductors like Si and Ge, 
there are compound semiconductors which are composed of elements from two or more 
different groups of the periodic table, the prominent members being GaAs, InGaAs, GaN, 
ZnO, TiO2, and SnO2 etc. Nevertheless, for high frequency, high voltage, high temperature, 
sensor applications and high power devices, semiconductors with wide band gap like Zinc 
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oxide and Gallium nitrides hold amount of virtue that are of various orders of magnitude 
higher compared with typical semiconductors [4,5]. 
Recently it has been suggested that increased spin-polarized carrier population might 
be locally introduced by substituting magnetic ions onto lattice sites of semiconducting hosts 
of diluted magnetic semiconductors (DMS) [6].  In past few decades, oxide semiconductors 
such as ZnO, TiO2, and SnO2; with blended properties of ferro-electricity, high permittivity, 
superconductivity, magnetism and photo-electricity, have been used in many application 
fields. In oxide electronics, it is possible to combine all these excellent properties in the 
monolithic configuration to design the hyper-intelligent devices. However, to realize optical 
spintronics devices such as light emitting diodes (LED), optical isolators and quantum 
computers, it is very important that these oxide semiconducting materials should also have 
magnetism with high Curie temperature (TC) along with good optical (luminescence) 
properties. In this regard, ZnO has become popular as a promising candidate for the 
realization of near- or above-room temperature ferromagnetism by doping with transition 
metals in addition to good optical properties [7, 14]. 
1.1 Semiconductors 
Materials with electrical resistivity that intermediate with those of insulators and 
conductors are referred to as semiconductors. These materials are very important in today’s 
electronics. Their electrical properties are as a result of very small concentrations of 
impurities. They are known as narrow band gap insulators. The band gap of semiconductors is 
much smaller than insulators, between the top of the highest filled band known as the valence 
band. The bottom of the vacant band just above the valence band is known as the conduction 
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band as shown in figure 1.1. The energy gap between the conduction and valence band is in 
the order of 1eV at room temperature.  
 
Figure 1.1 Schematic diagram of band gap difference in metal, semiconductor and insulator 
[23]. 
1.3 Background of the study 
  Today’s miniaturization in information technology requires semiconductivity and 
magnetism together in a device which could perform both spin and charge, to process and 
store  data. The combination of spin and charge properties enables powerful, integrated 
multifunction computing systems in the domain known as spintronics. Unique applications 
like chip-based memory that are nonvolatile, reconfigurable logic, and nonvolatile Magnetic 
Random Access Memory (MRAM), spin-polarized LEDs and Spin Field Effect Transistor are 
possible with these magnetic semiconductor systems [8, 9]. The initial discovery paving way 
to these advancement, the discovery of giant magnetoresistance (GMR) in magnetic 
multilayered materials, early economic spintronic giant magnetoresistance based devices, as 
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well as giant magnetoresistance sensors and hard drives of high-capacity, became accessible 
in late 1990’s and are today the current technology for data read-out in hard drives.  For valid 
practical applications, it is indispensable for the spin polarized carriers to hold a stable source 
and transport these spin polarized carriers inside the device [10]. Hence, the system must hold 
a ferromagnetic material to support long storage of the electron spins and the system must 
also have a semiconductor segment, over which conventional device operation can function. 
Relating to this, semiconductors doped with transition metals to give magnetic functionality 
otherwise referred to as diluted magnetic semiconductors (DMS). They are reported to exhibit 
excellent result in spintronics technology. Figure 1.2 shows the schematic of DMS. 
 
Figure 1.2: Schematic of non-magnetic semiconductor, paramagnetic DMS, 
ferromagnetic DMS [24] 
 
Their semiconducting property originates from the interaction between ‘d’ electrons (the 
localized TM2+ ions) and the s and p- like orbital of the band electron, which is known as sp-d 
exchange interaction [11]. However, researchers currently aim to achieve a DMS, where the 
electrons have a tunable high grade of spin polarization making it possible to design 
electronic devices like spin valves, transistors, spins light emitting diodes (SLED), ultra-fast 
optical switches and non-volatile memories. In addition, it is absolutely necessary for these 
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diverse applications that the DMS show ferromagnetism at room temperature.  The 
mechanisms of DMS behavior can be understood from several microscopic models proposed 
so far, like direct exchange interaction, RKKY interaction, super exchange interaction, Bound 
Magnetic Polarons model etc [12, 13]. Advancement in attaining magnetic ordering at high 
temperatures in technologically practical semiconductors, include wide band gap nitrides 
(GaN) and oxides (ZnO) following the theoretical prediction by T. Dietl et al as shown in 
figure 1.3 [14, 15]. 
 
 
    
Figure 1.3 Semiconductors with their Curie temperatures (TC) [14]. 
 
 However, compared to non-oxide semiconductors, the oxide semiconductors have 
innumerable advantages, such as wide band gap which cause them to be transparent and 
applicable for functions with short wavelength. It is also seen to be easily produced at low 
temperature alike with plastic substrate which are eco-friendly and lifelong, likewise it is cost 
effective. Apart from these, active electro negativity of oxygen is expected to give an active p-
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d exchange coupling between the localized spins and the band carries, which is a prerequisite 
for DMS.  Therefore, oxide based semiconductors exhibit a phenomenal range of optical, 
electrical and magnetic properties, offering a befitting platform for the convergence of 
electronics, optics and magnetic behaviors. Under this circumstance, it is highly desirable as 
well as demanding to search for newer and multifunctional materials with novel 
characteristics required for better practical applications.  
 
1.4 Research Problem and Research Objectives 
   As known, in ZnO based DMS, spin dependant magnetic phenomena can be 
manipulated by the addition of small amount of magnetic impurities like 3d transition or 4f 
rare earth metal atoms. The unpaired ‘d’ or ‘f’ electrons of the dopant ions would give rise to 
a magnetic moment.  Transition metal dopants such as Mn, Cu, Ni, Co or Fe can easily enter 
the host semiconductor, due to their high solubility and diffusivity without precipitation as 
secondary phases or metallic nanoclusters. After the first room temperature ferromagnetism in 
Co doped ZnO films reported by Ueda et al.,[17] many significant experiments were carried 
out by many researchers which showed a broad range of magnetic behavior and in their 
anticipated origin for TM (Co, Fe, Ni and Mn) doped ZnO systems prepared by different 
techniques. RTFM observed in these systems mainly depended on optimization of processing 
parameter such as doping concentration and conditions. The exact role of optimizing 
processing parameters and the effect of TM doping in ZnO reqiures further investigation. This 
is important for enheancing of electrical, optical and magnetic properties of TM doped ZnO. 
One of the problems associated with ZnO is the dependence of the properties on the synthesis 
technique [16 -19]. 
For successful injection of spin polarized carriers and true practical application, it is  
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important to have a stable and reproducible ferromagnetic phase at room temperature. This is 
not easy to achieve in ZnO. The room temperature ferromagnetism (RTFM) nature needs to 
be intrinsic in origin and not due to impurity phase or TM magnetic clusters [19]. Defects like 
oxygen vacancies are known to affect the magnetic properties of pure undoped and doped 
ZnO. The magnetic behavior in TM doped ZnO also depends on the choice of dopant, dopant 
concentration and optimization, substrate choice, processing temperature etc [19].  
The objective of the study is to study magnetic, electron spin resonance and optical 
properties of Cr doped ZnO system. In order to resolve these problems, polycrystalline bulk 
samples of TM  (Cr) doped ZnO will be prepared by using highly pure starting material 
(99.999% purity) to avoid the possibility of any contamination. The samples will be sintered 
by a unique and novel slow step sintering technique, to have a single phase stable structure 
[20]. The ferromagnetic state of Cr doped ZnO had been identified as more stable and 
energetically favorable [21, 22]. 
 
1.5 Summary of this thesis 
    This thesis is outline as follows. Literature review on the related works on ZnO is 
given in chapter two. In chapter three experimental details are given. Results and discussions 
are presented in chapter four and conclusions are in chapter five. 
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CHAPTER TWO  
Literature Survey 
2.1 Importance of ZnO 
Zinc oxide (ZnO) is an n-type semiconductor with wonderful properties which 
includes magnetic, optical, and piezoelectric properties. It thus has a wide range of 
applications in transparent electronic, optoelectronic, spintronics, gas and chemical sensors 
[1]. Vast industrialized benefits of ZnO comes from its ecofriendly nature, wide sufficient 
sources and low costs of metal Zn [1]. Semiconductor Zinc oxide has attained sufficient 
importance in the research society partly due its large exciton binding energy of 60 meV and 
its direct wide band gap of 3.37eV at room temperature [2, 3] that can point to lasing action 
established on exciton recombination, possibly above room temperature. Also it can be used 
for dynamic exciton based emitters at room temperature and acute growth promoting very 
small brick semiconductor lasers. The research focusing on ZnO has been going on for many 
years. The room temperature ferromagnetism of transition metal doped DMS is still in dispute 
[1, 4]. A wide range of industrial applications of ZnO are its band gap which is near 
ultraviolet, piezoelectric and optoelectronic properties [6]. The difficulty in fabricating low 
resistivity and reproducible p-type ZnO has hindered its potential applications in electronic 
industry. The room temperature ferromagnetic (RTFM) property and its origin in ZnO is not 
yet understood [6]. 
2.2 Structure and Physical Parameter of ZnO 
In figure 2.1 we show the crystal structure of ZnO. It crystallizes Zinc oxide with wurtzite 
hexagonal structure, B4 space group, which can exist in B1, cubic rocksalt structure and B2, 
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hexagonal zinc-blende structure. The latter two not thermodynamically stable in bulk samples 
[5]. Only the zinc oxide B4 wurtzite structure is thermodynamically stable in bulk samples[4]. 
 It belongs to the space group P63mc and has two interrelated sublattices of Zn2+ and O2−. The 
Zn ion is ringed around with a tetrahedral coordination of O ions. The wurtzite structure of 
zinc oxide has surface structure of polar Zn terminated (0001), O terminated (000 ) which are 
c-axis aligned and non-polar (11 0) and (10 0) surfaces. These surfaces have different 
physical and chemical properties. The electronic structure of O terminated (000 ) surface is 
marginally different from the three other surfaces. This (10 0) and polar surfaces are known 
to be stable while (11 0) is found to be less stable. The sp3 covalent bonding in ZnO is a 
result of the tetrahedral coordination [6]. 
 
 
Figure 2.1: The crystal structures of ZnO. ZnO crystallizes in (a) B1, cubic rocksalt structure, 
(b) B3, hexagonal zinc blende structure, (c) B4, P63mc wurtzite.  
A semiconductor lattice parameter, generally rely on the following factors: (i) free- 
electron concentration, (ii) temperature, and (iii) external strains [4, 7]. To accurately measure  
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the lattice parameters of any semiconductor, high resolution X-ray diffraction (HRXRD) by 
using a set of symmetrical and asymmetrical reflections of the Bond method is used [8]. The 
lattice parameter of ZnO wurtzite structure is given as, a = 3.29 Å, c = 5.29 Å [4, 9]. Different 
theoretical calculations and experimental measurements of lattice constants for zinc wurtzite 
structure at room temperature are in concession with one another. It is reported from literature 
that Zn-O bond length is approximately 0.198 nm and may change slightly due to 
incorporation of dopants in undoped ZnO lattice [10]. The impurities introduced to ZnO 
results in changes in bond length of Zn-O and also a change in the bond angles [11]. For ZnO 
to be successfully used for device applications, it is important to take the band structure into 
consideration which helps to predict the electrical properties. ZnO wurtzite band structure has 
been calculated from different theoretical and experimental approach. Its electronic levels 
have been conventionally measured using UV emission/absorption or X-ray techniques which 
essentially measures the energy difference. The photoelectric effect in the X-ray region 
apparently can also be used to study the energy region and also angle-resolved photoelectron 
spectroscopy. Some of the most commonly used computational methods used in studying the 
band structure of zinc oxide are the density functional theory (DFT) and local density 
approximation (LDA). To explain the Zn 3d electrons the local density approximation (LDA) 
and incorporating atomic self-interaction corrected pseudo potentials (SIC-PP) have been 
used (see figure 2.2). The high symmetry lines in the hexagonal Brillouin shows the band 
structure. An optical band gap of about 3.3eV is in between the occupied band which shows 
the energy difference [6, 12, 13]. 
ZnO has gained much attraction in the research community due to its physical parameters as a  
transparent semiconductor for optoelectronic applications such as light emitting diode (LED), 
photodetectors, lasers and piezoelectrical applications [4]. It is important to understand the 
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physical properties of ZnO in other to produce conventional devices. Physical properties of 
ZnO are highlighted in the table 2.1.  
 
Table 2.1: Physical properties of ZnO [14]. 
Property Value 
 
 
Lattice parameters at 300 K 
 
 
ao = 0.32495 nm 
co = 0.52069 nm 
ao/co = 1.602 (1.633 for ideal 
hexagonal structure) 
u 
  
0.345 
Density 
 
5.606 g/cm3 
Stable phase at 300 K  
 
wurtzite 
Melting point 
 
1975o C 
Thermal conductivity 
 
0.6, 1-1.2 
Linear expansion coefficient (/oC) 
 
a: 6.5 x 10-6, c; 3.0 x 10-6 
Static dielectric constant 
 
8.656 
Refractive index 
 
2.008, 2.029 
Energy gap 
 
3.4 eV (direct) 
Intrinsic carrier concentration 
 
<106/cm3 
Exciton binding energy 
 
60 meV 
Electron effective mass 
 
0.24 
Electron Hall mobility T 300 K for low n-type 
 conductivity 
200 cm2/V.s 
Hole effective mass 
 
0.59 
Hole Hall mobility at 300 K for low p-type  
conductivity 
5-50cm/V.s 
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Figure 2.2: ZnO wurtzite band structure calculated using local density approximation (LDA) 
and incorporating atomic self-interaction corrected pseudo potentials (SIC-PP) [6]. 
 
2.3 Electrical properties of ZnO 
 ZnO is a multifunctional material due to its large band gap making it a material for 
electronic and optoelectronic applications and exhibits defect or impurity dominated 
conductivity. It has inevitable existence of electrically active native defects and impurities 
consisting of donor ionization energies [17,18,114]. Because of its large band gap it is able to 
retain high temperature and high power operation, higher voltage breakdown and also able to 
sustains large electric fields. ZnO is an n-type semiconductor even without intentional doping 
and still remains controversial. Lack of p-type has hinder its use in device application. The 
anisotropy of ZnO wurtzite structure facilitates the electrical properties of ZnO [115]. One of 
the techniques used in low-field transport to measure electrical properties is the Hall Effect 
which can also tell more about the condition of the epitaxial layers. In a wide range of 
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temperature of 4.2- 300 K the Hall measurements can give detail information on uniformity, 
impurities imperfection, etc. [17,18]. It is believed that oxygen and zinc interstitials native 
defects are responsible for the electrical properties of ZnO and its conductivity increase with 
temperature. The carrier concentration of undoped ZnO is as low as 1015 cm-3 while in doped 
ZnO its carrier concentration is about 1020 cm-3. High resistivity of >108 Ωcm is needed for 
piezoelectric devices and this is attainable by doping of ZnO, however attaining high 
conductivity for ZnO p-type has proved to be difficult [15, 16]. The carrier densities also 
affect the electrical conductivity which is as a function of the Fermi energy level. 
2.4 Optical Properties of ZnO 
 The basis of most optoelectronic devices such as light-emitting diodes, lasers, 
photodetectors lies on the extrinsic and intrinsic effects of optical properties of the 
semiconductor [19 - 21] and as mentioned earlier, ZnO has gained significant attention in the 
research community dues its room temperature large binding exciton energy of 60 meV and 
direct wide band gap of 3.37eV [22 - 24]. 
 The optical absorption is influenced by the electronic states created in the bandgap 
related to point defects or dopants which gives the extrinsic properties and the intrinsic 
property is as a result of holes in the valance band and electrons in the conduction band [20, 
21, 25]. The optical properties of ZnO is investigated using the luminescence technique [26]. 
Despite the growth method for ZnO, it shows two luminescence bands, a short wavelength 
band and a long wavelength band [27]. The short wavelength band is located near the 
absorption edge while the long wavelength is at maximum in the green spectral region [27, 
28]. However, the extrinsic luminescence and intrinsic luminescence is still controversial. 
Undoped ZnO photoluminescence spectrum at low temperature usually contains sharp 
excitonic lines in the ultra-violet region and in the visible region showing one or more broad 
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band. At room temperature, these broad bands of green, red, yellow and orange have been 
observed but it is still unsubstantiated even from many recent report. Oxygen vacancies VO, 
oxygen interstitials Oi and zinc vacancies VZn, are attributed to these bands [4, 29-31]. 
 The optical and electrical properties of ZnO can be greatly affected by native defects 
which affect luminescence efficiency. Native defect is seen to play a very significant role in 
zinc oxide and it is believed to display great unintentional n-type conductivity which is seen 
to be caused by zinc interstitials [32, 33]. In ZnO, the native shallow donor is indicated to be 
zinc interstitials and the deep donor is of the oxygen vacancies [34, 35]. The green emission 
observed in ZnO is as a result of single ionized vacancies in zinc oxide and the red 
luminescence is as result of double ionized oxygen vacancies. Zinc interstitials has higher 
formation energy than oxygen vacancy [36, 37]. 
 
 
Figure 2.3: Energy levels of the different deep level defects in ZnO [38]. 
The band emission visible spectrum from 400 nm to 700 nm is usually referred to as deep 
level emission known as DLE. The energies of 2.4-2.5 eV is seen to where the green 
luminescence band in zinc oxide is observed. Literature shows that various experimental 
setups with various samples are still debating the origin of the deep level emission band [38]. 
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At 2.2 eV the yellow emission band is seen to appear [38, 39] and this yellow emission band 
is a facet to oxygen interstitials as a native defect in Zinc oxide [38].  
2.5 Vibrational Properties of ZnO 
The vibrational properties of ZnO needs to be understood for effective use in device 
applications like the resonators. This vibrational property can be studied using suitable 
techniques like the Raman scattering which can give information about the texture 
composition, strain and size. Zinc oxide belongs to the C6v symmetry group [17]. According 
to the group theory, the optical phonons is expressed as 
 Γopt = 1A1 + 2B1 + 1E1 + 2E2          2.1 
A1 and E1 are polar which separates into TO and LO phonons and they Raman and IR active 
[41, 42]. It has E2(low), E2(high), A1(TO), A1(LO), E1(TO) and E1(LO) Raman active phonon 
modes, the B1 modes are silent [17]. The E2(high) peaks observed usually at 437-439 cm-1, is 
the characteristic peak of wurtzite ZnO and associated with oxygen displacement, where 
A1(LO) peaks located around 570-590 cm-1 has been identified as a defect induced mode such 
as oxygen vacancy, Zn interstitials and other combination due to strong dependence on 
oxygen stoichiometry [106]. Shuxia Guo et al reported that “The Raman mode at about 580 
cm−1 has been observed by many groups who studied the phonon properties of ZnO-based 
materials, such as ZnO nanostructures and intentionally doped ZnO samples” [40].  
2.6 Defects in ZnO 
ZnO has a simple chemical formula with very rich defect chemistry. Oxygen vacancy 
(VO), zinc vacancy (VZn), zinc interstitial (Zni) and oxygen antisites (OZn) which are the 
native defects in zinc oxide play a very significant role in the optical and magnetic properties 
of pure zinc oxide and doped ZnO. These defects may control doping and minority carrier life 
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time [32, 43, 47] and determine the properties and performance of ZnO system. In ZnO the 
VO vacancy, Zni interstitial and Zn anti-site, are donor-type defects while the VZn vacancy, OI 
interstitial, and O anti-site are acceptor-type defects. The O vacancies are deep donors, Zn 
interstitials are too mobile to be stable at room temperature and a g-factor of approximately 
1.96 with high deformation energies. Both Zn interstitials and oxygen vacancies donate two 
electrons [44, 45, 48]. In figure 2.4 and 2.5 we have shown the ZnO native defects with enegy 
levels and Oxygen Vacancy in ZnO showing its electronic states. The FM coupling between 
TM ions is mediated via clusters of oxygen vacancies to favour the exchange interaction and 
long range ferromagnetic ordering at high Curie temperature. Oxygen vacancy can be 
predicted by Electron paramagnetic resonance measurements (g-value) [46]. 
 
      Figure 2.4: ZnO native defects with energy levels [47] 
 
Figure 2.5: Oxygen Vacancy in ZnO showing electronic states [44]. 
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2.7 Doping in ZnO 
ZnO occurs as an n-type semiconductor and a possible material for device with short 
wavelength. Due to the intrinsic defect nature of pure zinc oxide it has very high electron 
densities. The unintentional doped ZnO is known experimentally as n-type but is still 
controversial if the donor defects are Zn interstitials and oxygen vacancies. Despite Zni and 
Vo being donors in ZnO, it has been said that hydrogen is a donor that is ionized and has low 
formation energies. The Group III elements such as Ga, In and Al can also substitute Zn sites 
with concentration as high as >1020 cm−3. Elements such as F, I and Cl in Group VII elements 
are also known as donors in ZnO. Ge, C, and Si in Group IV could be donor or acceptor 
impurities but no proof has been shown in this regard [4, 49]. Some groups have report on n-
type ZnO doping, S. Kuprenaite et al [50], reported In, Ga, and Al-doped ZnO films grown 
by aerosol-assisted MOCVD with low resistivity of 6.44 × 10− 3 Ω cm, 8.16 × 10− 4 Ω cm, 
7.57 × 10− 4 Ω cm respectively. Chaoting Zhu et al [51] also reported low resistivity of 
3.8 × 10− 4 Ω cm for Ga doped ZnO grown using glass substrates by radio frequency 
magnetron sputtering.  
The p-type doping has proven to be more difficult than the n-type doping. This 
difficulty is attributed to low energy native defects or background impurities. The Group I and 
Group V elements such as N, P and As are potential dopant candidates for achieving p-type 
doping of ZnO. The Group I elements can substitute the Zn while the Group V can substitute 
the O sites. p-type material has been obtained from doping ZnO with N as a shallow donor but 
the p-type nature appears to be weak having small hole mobilities and Hall voltages [4, 49]. T, 
K Pathak et al [52] reported N doped ZnO thin films grown by the sol–gel and spin coating 
method showing minimum resistivity of 1.64 Ω cm and carrier concentration of 8.36×1017 
cm−3 with a p-type behavior. 
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2.8 ZnO-based Diluted Magnetic Semiconductors 
 Diluted magnetic semiconductor (DMS) is usually a semiconductor doped with 
magnetic elements like the transition metals (TM) such as Cr, Fe, Co, Mn, Ni, Sc, Ti and rare 
earth metals (Gd, Dm, Dy, etc). Here a fraction of the host cations can be substitutionally 
replaced by magnetic ions or appropriate rare earths [53, 54] to give exotic magnetic 
properties. DMS are potential candidate for spintronic devices which exploit both spin and 
charge degrees of freedom of the electrons. However, for practical use of DMS material the 
curie temperature must be at room temperature or just above room temperature [55, 56]. 
Technologically semiconductors like the wide band gap nitrides (GaN) and oxides (ZnO) are 
prominent in the research community due to their advancement in attaining magnetic ordering 
at high temperatures [57, 58]. Since the theoretical prediction by T. Dietl et al for 
ferromagnetic ordering above room temperature for practical application of spintronic 
devices, ZnO has been highlighted among research group as a high curie temperature 
ferromagnetic DMS candidate [53]. 
 Due to Zinc oxide open structure with closed packed lattice Zn atoms occupy half of 
the tetrahedral sites. The empty octahedral sites provide plenty of sites to accommodate 
intrinsic defects and extrinsic dopants [58]. In the local density approximation [59], it is 
predicted that 3d-transition metal (TM) atoms of V, Cr, Fe, Co and Ni show ferromagnetic 
ordering of their magnetic moments in ZnO without any additional carrier doping treatment 
[60,61]. The multiple structures observed in d-d optical absorption spectra is due to strong 
Coulomb interaction between the 3d electrons [62]. On the other hand, the magnetic 
interaction between the localized 3d spins and the carriers in the host valence band is due to 
the hybridization between the transition-metal 3d and the host valence band [63]. Besides, 
ZnO itself can radiate near-ultraviolet light owing to its direct band gap structure and 
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formation of the stable exciton state [64]. The effect of recombination radiation in the UV 
region in ZnO can be eliminated by doping ZnO with transition metal ions [65]. 
              However, it has often been observed that dopant materials in ZnO segregate forming 
precipitates or clusters that seems to be responsible for the ferromagnetic properties. The 
effect of such ferromagnetic clusters is required to be examined carefully before selecting 
such materials for spintronics applications [66]. Besides, cause of ferromagnetism in doped 
oxide materials has been still controversial [67] with several proposed mechanisms like 
double exchange interaction [68], carrier-mediated Ruderman–Kittel–Kasuya–Yosida 
(RKKY) type coupling [57], super exchange interaction [57] and F-center exchange 
interaction [69]. 
Adequate injection of spin polarized carriers and to construct thin magnetic materials 
for spintronic devices can be achieved by appropriate doping [4, 54, 66, 70-74]. In order to 
have suitable material for spintronic device, the DMS material should satisfy the condition 
that its intrinsic ferromagnetism be maintained at room temperature for functional device 
design [4]. ZnO doped with TM ions observed to satisfy this condition [28, 75]. Wurtzite ZnO 
is formed by the tetrahedral s-p3 bonding. The cations of semiconductor are usually 
substituted by the 3d transition metal ions, i.e; the Zn sites in ZnO [53, 76]. 
 
Figure 2.6: Oxidation states and charge states for some transition metal [53, 77] 
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From different literatures, it is summarised that the issue of ferromagnetic behaviour at room 
temperature is still controversial in ZnO doped systems [ 78-82].  
Spin-polarized carriers can be introduced by substituting magnetic ions onto lattice 
sites of semiconducting hosts of diluted magnetic semiconductors (DMS) [104] such as ZnO, 
TiO2, and SnO2. In an oxide semiconductor like ZnO, it is possible to combine the excellent 
properties of ferro-electricity, high permittivity, superconductivity, magnetism and photo-
electricity in the monolithic configuration to design the hyper-intelligent devices. To design 
spintronics devices such as magnetic random access memories (MRAM), optical isolators and 
quantum computers, it is strongly desired that these ZnO should have high Curie temperature 
(TC) magnetism with good optical (luminescence) properties as well, for which doping with 
3d-transition metal (TM) atoms of V, Cr, Fe, Co and Ni [105, 106] have been seen to be 
beneficial.  
           However, dopant materials in ZnO frequently segregate forming precipitates or 
clusters. Also the cause of ferromagnetism in doped oxide materials has been highly 
controversial. Among the transition metal elements, Cr can be an appropriate dopant as it has 
close ionic radius to that of Zn, so can substitute Zn position in the crystal [107-109] forming 
a solid solution. Cr itself is paramagnetic at high temperature and antiferromagnetic below 
311 K, hence cannot induce an extrinsic ferromagnetism even if Cr clustering occurs. Again, 
except CrO2 which is ferromagnetic; Cr metal, Cr2O3, Cr3O4 and ZnCr2O4 are 
antiferromagnetic nature. CrO2 has a Curie temperature (TC) of 386K which is very unlikely 
to form under low oxygen pressure conditions. Also, the theoretical calculations [110-112] 
indicate that Cr-doped ZnO should exhibit stable ferromagnetism. 
         Under this situation, to investigate the Cr doping effect in ZnO, we synthesised, 
polycrystalline Zn1-xCrxO samples by solid state reaction route. All the samples were sintered 
23 
 
by a slow step sintering schedule (SSSS) up to different temperatures [113], which helps in 
systematic and refined grain growth with stable phase, ensures reproducibility and creates 
suitable defects/vacancies effectively. All the results pertaining to the experiment and 
respective analyses are presented and discussed in this report. 
              In this thesis, we have chosen Cr as our dopant material for ZnO host. Among the 
transition metal elements, Cr has been an important dopant candidate which has close ionic 
radius to that of Zn and is expected to easily penetrate into ZnO crystal lattice or substitute Zn 
position in the crystal [83-85] forming a solid solution. However, the experimental results [83, 
85-92] on the studies of Cr doped ZnO are in conflict with each other, although the theoretical 
calculations [93-95] indicate that Cr-doped ZnO should exhibit stable ferromagnetism [96]. 
 
2.9 Mechanism of magnetism in ZnO 
The mechanism responsible for magnetism is still not very clear and controversial as 
mentioned earlier. Different growth method methods in ZnO show different mechanism 
responsible for their magnetic behaviour. Some of the mechanism that might be responsible 
for magnetic behaviour in ZnO are highlighted below; 
 
2.9.1 RKKY exchange interaction 
The RKKY interaction (Rudermann, Kittel, Kasuya and Yoshida) occurs between 
magnetic ions and the conduction band electrons mediated by localized spins. Their 
oscillatory behavior results in no direct overlap around each magnetic electrons and this 
results in ferromagnetic and antiferromagnetic ordering. The exchange interaction between 
the localized spin and the sp electrons of ZnO is responsible for the ferromagnetism observed 
at room temperature according to RKKY interaction [97]. Shahid M. Ramaya et al [98] in 
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their report of Zn0.95Fe0.05AlxO grown with auto-combustion technique observed that the 
concentration free carriers increase with Al content hence the ferromagnetic behavior is 
carrier mediated RKKY exchange interactions. 
 
2.9.2 Superexchange interaction 
The superexchange mechanism is a process wherein the spins of two ions are 
interacting as result of the spin-dependent kinetic exchange interaction between each of the 
two ions. The spin-spin coupling could either be antiferromagnetic or ferromagnetic. The 
superexchange coupling distance is short as regards to direct exchange interaction. There is 
hoping between orbitals usually the localized d-orbitals of transition-metals. 
Antiferromagnetic coupling is associated with superexchange interaction. The decrease of 
magnetic moment per Fe atom with increasing Fe concentration appears to be due to 
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superexchange interaction in Fe-doped ZnO thin films grown by spray pyrolysis technique as 
reported by A. El Amiri et al [98]. 
 
2.9.3 Double exchange interaction 
This type of exchange interaction is common for systems where the magnetic ion 
exists in two different valence states usually from the incomplete d shells of transition metal. 
The angle between these two magnetic ions is at 180 degrees and results in ferromagnetic 
ordering. The double exchange magnetism was first proposed by Zener [100]. 
 
     Figure 2.9: Double exchange interaction of Mn-O-Mn 
For example, in a Mn doped system the electron that hops from the Mn3+ ion should be anti-
aligned with the other five electrons on the ion according to Hund’s rules (figure 2.5) which  
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should force out a spin-up electron on the oxygen and hops onto the Mn4+ ion. This can only 
happen which if those electrons are all spin-down.  
2.9.4 Bound Magnetic Polarons 
In ZnO doped systems the strong exchange interactions between localized spins of 
transition metal ions and spins of charge carriers is as a result of bound magnetic polarons 
(BMP). The charge carriers are bounded to the impurities of the polarized spins of the 
transition metal ions within the bound magnetic polarons thereby reducing the total energy of 
the system. For doped ZnO systems, the existence of non-ionized acceptors or donors can 
result in BMPs but these non-ionized acceptors or donors concentration should be 
comparatively high in order for bound magnetic polarons to be observed. The electrons 
interact with the spins of the transition metal ions in its orbit thereby resulting in 
ferromagnetic alignment of the spins [101-103]. 
 
         Figure 2.10: Illustration of magnetic polarons [88]. 
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The localized charge carries causes a shift in the insulating state which occurs at a curie 
temperature lower than the temperature. The interaction distance grows as the temperature 
decreases. Corresponding clusters of polarons are formed as neighboring polarons overlap and 
interact due to TM impurities, this happens below the curie temperature. When the size of the 
sample is equal to the size of the such clusters a ferromagnetic shift is observed. 
Ferromagnetic ordering may occur from the interaction between BMP due to adequate 
concentrations of transition metal impurities and antiferromagnetic ordering if the localized 
holes is from the direct exchange interaction [20]. 
2.10 Drawbacks / Limitations 
One of the limitations and drawbacks of ZnO doped systems is the issue of 
reproducibility. The magnetic behaviour of DMS materials greatly depends on the synthesis 
process and hence is not easily reproducible. Also there are no clear indication of the origin of 
the observed intrinsic ferromagnetism if it as a result of defects such oxygen vacancies or zinc 
vacancies. The p-type ZnO is still difficult to achieved. 
2.11 Our Objective and Plan of work 
Under the above mention scenario, we have tried to address the issues mentioned 
above. We have employed an easy and simple solid state reaction route and a novel slow step 
sintering schedule (SSSS) to synthesize and process polycrystalline Zn1-xCrxO samples. Using 
highly pure starting material (99.999% purity) to avoid any form of contamination. In order to 
explain the observed magnetic behavior of DMS materials the Electron Spin resonance 
techniques have been used which is able to detect magnetic inhomogeneity, spin dynamics, 
the microscopic structure of the dopant ions and oxygen vacancies. 
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CHAPTER THREE 
EXPERIMENTAL DETAILS 
3.1 Sample Preparation 
From the view point of research as well as commercial use, it is very much desirable 
and important to adopt appropriate synthesis techniques to prepare single phase pure materials 
free from any type of contamination. Material synthesis is the most important part of research, 
it can determine the properties of the material. In the current work, we have prepared the 
samples by using solid state reaction described below. 
3.1.1 Solid State Reaction 
 Solid state reaction route (SSRR) has been adopted to prepare polycrystalline samples 
of (Cr) doped ZnO bulk ceramics. Appropriate proportion of high pure oxides of Zn and Cr 
(Puraterm-99.999%) were used for the synthesis of Zn1-xCrxO (x= 0.01, 0.05 and 0.09) pellets. 
Weighed amount of powders of the oxide were ground properly for about 2 hours using an 
agate mortar. The powders were heated at 400 0C for six hours then followed by room 
temperature quenching and grinding. The procedure was repeated five times in order to 
achieve homogeneous mixture of green powder with smaller particle size. The powders were 
pelletized after mixing with Poly Vinyl Alcohol (PVA) as binder. Cylindrical pellets with 
approximately 2 mm thickness and 10 mm diameter were prepared using a hydraulic press 
with 30 ton base capacity and pressure of 10 ton / cm2 showed in figure 3.1. The pelletized 
material were sintered at 500 0C and 800 0C for 8h using a vacuum furnace fitted with a 
programmable (Eurotherm controller, Model: 2404) temperature controller [1].  
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      Figure 3.1: Hydraulic press used in this work. 
3.1.2 Slow Step Sintering Schedule 
Proper sintering process is adopted to increase the inter particle contact area, achieve 
maximum physical densification, control grain growth, minimize the volume of inter-
connected pores in the samples as well as to control shrinkage without geometrical 
deformation. For the current work, we adopted a novel slow step sintering schedule, which 
could help to have a systematic and refined grain growth as well as ensure reproducibility of 
the synthesized material with definite composition and properties with a control on the defect 
/ vacancy states in the system effectively [1].  
3.2 Sample Characterization 
In the current work Zn1-xCrxO produced by solid state reaction have been characterized using  
scanning electron microscopy (SEM), X-Ray diffraction (XRD) spectrometer, Fourier 
40 
 
Transform InfraRed spectrometry (FTIR), Ultraviolet–visible spectroscopy (UV-Vis), Raman 
spectroscopy, Photoluminescence Spectroscopy (PL), Superconducting quantum interference 
devices (SQUID) and Electron Spin Resonance technique (ESR). To investigate the 
microstructure and topography the SEM was used. The XRD has been used to investigate the 
crystal structure. In order to investigate the optical properties and defect structure of Zn1-
xCrxO the PL has been used. We have employed the UV-Vis to investigate the optical band 
gap and the FTIR to investigate the bonding and molecular composition present in our 
sample. The Electron Spin Resonance (ESR) technique was used to probe the electromagnetic 
response of the samples Zn1-xCrxO (x= 0.01, 0.05, 0.09). We have also used Raman analysis 
to investigate incorporation of dopant and defects in the structure. The techniques and 
working principles of  equipment used are discussed in the following section. 
3.2.1 Scanning Electron Microscopy (SEM) 
SEM is a very suitable characterization tool for the microstructural studies of any 
sample. It provides better resolution than that of optical microscope. The SEM has two main 
components which are the electron column and the electronic console [2-3]. There are 
adjustable knobs and switches in the electron console which are responsible for contrast and 
brightness, magnification, regulating and adjusting accelerating voltage and filament current. 
The main purpose of the electron column is to focus, generate and scan the electron beam on 
the sample [2-3]. The beam produced at the top of the microscope by the electron gun is 
focused downward on the sample which travels through the lenses and the electromagnetic 
field. SEM functions by focusing the electrons beam at a point to scan the surface of the 
sample. When the beam hits the sample several interactions takes place [4], various forms of 
signals are realized such as the backscattered electrons, Auger electrons, secondary electrons, 
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X-ray, and cathadoluminescence. The SEM image generation is usually by the backscattered 
electrons and secondary electrons. 
The electron beam hitting the sample surface produces the secondary electrons and the 
backscattered electrons. The secondary electrons have energies less than 50 eV and they are 
as a result of the inelastic collision and the scattering of incident electrons on the surface of 
the sample. The structural surface of the material is confirmed by secondary electrons by 
resolution of ~10nm or more while the backscattered electrons are a result of elastic 
interactions of the incident electrons and the sample nuclei [5, 2]. The electron beam which 
comes from the electron gun is used to create a SEM image when the sample surface is 
scanned (See Figure 3.2). 
 
Figure 3.2: Schematic block diagram of SEM [8]. 
Several points on the specimen surface will emit electrons that are sensed by the 
electron detector [6,7]. 
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3.2.2 X-Ray diffraction spectrometer (XRD) 
The X-ray diffraction (XRD) is a very useful tool in determining the crystal structure 
of a sample under study. XRD data can be used to determine the grain size and lattice 
constant [9-11]. The operation of XRD stems from Bragg’s law. It involves the directed X-
Ray beam being pointed on the sample. Diffraction occurs when the rays hits the sample [12]. 
The different crystalline structures present in the samples Zn1-xCrxO were determined using the 
XRD. 
In crystal, atoms are arranged in such a way that small volume can be identified due to 
their regular pattern in three dimensions which makes the whole crystal [13]. When X-rays 
are incident on them and are seen to scatter in all directions. But when the atoms inside a 
material are periodically arranged, then the scattered X-rays are seen to be diffracted and 
interfere with each other as seen in Figure 3.3. It is seen that at this angle ‘θ’, Bragg’s law is 
satisfied and the scattered X-rays intensity is higher in regards to the incident angle scanned 
[14]. The data from XRD is plotted as intensity against the diffracted x-rays and the peaks 
which are seen is said to satisfy Bragg’s law. Equations 3.1 and 3.2 show Bragg’s and 
Scherrer’s equations respectively. From Scherrer’s equation the crystallite size can be 
computed from XRD data [14]. 
           (3.1) 
where θ is scattering angle, n is positive integer, λ is the wavelength of X-ray. 
           (3.2) 
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where τ is the crystallite size, K is the shape factor, λ is wave length, β is full width at half 
maximum (FWHM) in radians obtained from different values of (2θ), θ being the Bragg’s 
angle. 
In this thesis, XRD patterns of Zn1-xCrxO samples were recorded with Philips 
diffractometer (Model 1715) using Cu Kα  tube with wavelength λ = 1.540593 Å.    
 
Figure 3.3 XRD in crystals [16].            
 
3.2.3 Fourier Transform InfraRed spectrometry (FTIR) 
To study the elemental composition and chemical bonding of any sample, the Fourier 
Transform InfraRed spectrometry (FTIR) is an effective tool to use. The sample is exposed to 
InfraRed radiation from the (FTIR) set up, the sample absorbs some of the infrared radiation 
and some of the infrared is transmitted.The FTIR can analyze samples up to the scale of 
microns to kilometers, which can give information about bonding and chemical composition  
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in the elements. The interferometer in FTIR spectrometer generates the interferogram, the 
faster sampling and good signal is as a result of the wavelengths been measured 
simultaneously in the FTIR instrument [17,18]. The Michelson interferometer is commonly 
used in FTIR and is made up of two perpendicular plane mirrors, one of the plane mirrors 
travels in perpendicular direction of the plane which is a semi-reflecting film that cut across 
the plane of the mirrors. Light is passed from a light source to the beam splitter, half of that 
light is reflected to one of the mirrors and the other half is transmitted to the other mirror. 
These mirrors reflect these two beams returning them to the beamsplitter where they combine 
and interfere [19]. Figure 3.4 shows the layout of a simple FTIR spectrometer.  
 
Figure 3.4: Layout of FTIR spectrometer [20]. 
  The samples Zn1-xCrxO (x= 0.01, 0.05, 0.09) were mounted in the FTIR sample holder 
and pressed down by a rotating arm which presses the sample to the crystal pot to get good 
contact before the spectrum is obtained.  
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3.2.4 Ultraviolet–visible spectroscopy (UV-Vis) 
 Ultraviolet–visible spectroscopy (UV-Vis) is an absorption spectroscopy that allows a 
molecule to absorb light in ultra-violet region of 200-400 nm and visible region of 400-800 
nm which results in excitation of electrons to higher energy state from ground state [21] in the 
region of 1.5- 6.2 eV associated with electromagnetic spectrum. The absorbance spectra of a 
sample in a solid form or a compound in solution is obtained using a UV-Vis spectrometer. It 
uses a light source from a tungstem lamp or deuterium, also included in it is a sample holder 
and detector. One wavelength can be selected at a time for a UV-Vis that has a filter or 
monochromator in it. Some UV-Vis spectrometer has a diode array detector instead of a 
monchromator for detecting absorbance simultaneously at all wavelengths [22]. Figure 3.4 
shows electron excited from ground state to higher energy. Wavelength is absorbed when the 
amount of energy is enough to make electronic transitions [21]. 
 
Figure 3.5: Electronic transitions [21]. 
Some of the different types of UV-Vis spectrometer are single beam spectrometer, double 
beam spectrometer and simultaneous spectrometer.  
46 
 
The wavelength of the incident radiation builds upon the various kinds of 
spectroscopy shown on in figure 3.6 below. The UV-Vis spectroscopy provides details of the 
transition of external electrons of atoms absorbed by UV-Vis radiation at different wavelength 
which is used for the identifications of elemental composition from the emitted spectrum or 
the spectrum absorbed. 
 
Figure 3.6:  Electromagnetic spectrum with wavelength radiation [23].  
3.2.4.1 Transmittance and Absorbance  
The amount of light absorbed as light goes through a material or reflected from the 
material gives the difference in the transmitted radiation denoted by I and incident radiation is 
denoted by Io. Transmittance and absorbance is expressed in terms of amount of light absorbed 
by the material. Transmittance and absorbance can be defined as follows,  
For transmittance, it is given in terms of fraction of 1 or in percentage, 
T = I/IO  or %T  = (I/Io ) × 100                                                                          (3.3) 
And for absorbance, 
A = -log T   (3.4)[22]. 
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We have used the PerkinElmer Lambda 1050 UV-Vis spectrometer (figure 3.8) to estimate 
the optical bandgap in the sintered samples of Zn1-xCrxO (x= 0.01, 0.05, 0.09). 
 
Figure 3.7: Diagram of UV-vis spectroscopy [25]. 
 
Figure 3.8: A Picture of PerkinElmer Lambda 1050 UV-vis spectroscopy. 
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3.2.5 Raman spectroscopy  
Raman spectroscopy involves the scattering of electromagnetic radiation as a result of 
atoms and molecules. This spectroscopy examines low frequency nodes [26]. Vibrations in 
molecules can be detected using spectroscopies based on Raman scattering processes and 
infrared absorption. This can be used to get information about the chemical structures of a 
sample. Physical forms can also be detected. Particle size as well as size distribution is 
measured using simple scattering technique even to a size of less than 1 µm. In Raman 
spectroscopy, a single radiation frequency is used in order to irradiate the sample resulting in 
radiation scattered from the sample. The incident beam is different from the vibrational unit of 
energy. The energy difference of the excited and ground states does not need to match the 
incident radiation. The electrons around the nuclei is distorted when the light combines with 
the molecule. It is a short-lived state known as the virtual state. It is not a stable state because 
the photon is radiated again instantly [27]. This process is known as Rayleigh scattering. 
Optical and vibrational oscillations interact when the molecule’s electron cloud is distorted 
from the molecular vibrations which results to a process known as Raman scattering [28]. 
Figure 3.9 shows the Raman scattering and Rayleigh scattering process. 
 
                        Figure 3.9: Raman scattering and Rayleigh scattering process [27]. 
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The absorption energy of the molecule is as the result of the ground vibrational state m 
from the Raman scattering process and the advancement to higher energy vibrational state n 
known as Stokes scattering.  
A plot of Raman intensity versus Raman shift gives the Raman spectrum. The Raman 
shift in the spectrum are the Raman band parameters, the band and its intensity are directly 
related to the molecular structure [29]. The range of Raman spectra can be from 4000-10 cm-1, 
but vibrations of organic molecules in Raman active normal modes are at 4000-400 cm-1 [29, 
30]. Figure 3.10 shows the block diagram of Raman spectrometer. 
 
Figure 3.10: Block diagram of a Raman spectrometer [31]. 
In this work, the Jobin Yvon T64000 Raman spectrometer equipped with an Ar ion 
laser (515 nm) has been used. The laser power on the sample was 5 mW, and the spectra were 
recorded over a 20s period having LASER beam spot size of ~1 µm. 
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Figure 3.11: A picture of Jobin Yvon T64000 Raman spectrometer 
3.2.6 Photoluminescence (PL) Spectroscopy 
 Photoluminescence involves the absorption of energy, also with emission of light. This 
is usually referred to as luminescence. PL is a nondestructive technique used to investigate 
optoelectronic, intrinsic and extrinsic properties and also the electronic structure of a sample. 
Photoluminescence (PL) can be used to understand and determine the purity level, band gap 
and defects present in the material [32,33]. When the sample absorbs light and enough energy 
is imparted into the material, it results to a process known as photo-excitation. The only way 
the sample can dissipate this surplus energy is by the emission of light. The electrons inside 
material in its permissible excited state is due to the photo-excitation. The surplus energy is 
released when the electrons get back to their state of equilibrium and may or may not carry 
emission of light [33]. 
 Photoluminescence consist of phosphorescence and fluorescence. It is from the 
process of absorption and emission as result of various energy levels in the sample. The PL 
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depends on the type of sample under study and the laser wavelength. In order to avoid 
unwanted phosphorescence, the appropriate laser wavelength must be used [34]. 
 
 
Figure 3.12: Energy level of absorption of light and emission of light [36]. 
 The PL spectral can be obtained as a result of measuring the excitation wavelength and 
the intensity of the emitted radiation from the material under study. By monitoring the 
emission on a fixed wavelength as well as vary the excitation wavelength the excitation 
spectrum is obtained. The intensity of the emitted radiation and a fixed wavelength from the 
excited material is used to obtain the emission spectrum [35]. 
 In this work, Photoluminescence (PL) study on Zn1-xCrxO (x= 0.01, 0.05, 0.09) 
samples was performed using Fluorolog-3 spectro-flourometer attached with a 450 W xenon 
lamp, using 325 nm excitation. 
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Figure 3.13: Schematic diagram of a Photoluminescence (PL) [36]. 
 
Figure 3.14: Image of Photoluminescence (PL) used in this work 
3.2.7 Electron Spins Resonance Spectroscopy 
 The electron spin resonance spectroscopy is also referred to as electron paramagnetic 
resonance (EPR). It was invented in 1945 by Zavoisky, a Russian physicist [41]. It involves 
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electromagnetic radiation absorption which is similar to other spectroscopy. As a 
spectroscopy, it measures and interpret the energy difference between the atomic or molecular 
states due to systems with unpaired electrons with spin state S = 1/2 [42]. 
 In ESR, the energy difference measured is a result of the unpaired electrons and the 
applied magnetic field from electromagnetism in the ESR. The energy difference 𝛥𝐸 is 
obtained from the equation 3.5 which is the resonance condition.  
𝛥𝐸 = hv,        (3.5) 
where v is the frequency of the radiation and h is the planck constant [43]. 
 
Figure 3.15: Absorption of electromagnetic energy [44]. 
The change of energy from the lower state to higher energy state is due to the absorption of 
energy as shown in figure 3.15. In ESR, the energy difference is due to Zeeman effect [44]. 
The difference between the energies of the higher energy state and lower energy state is as 
result of interaction between the magnetic field and the electron spin as shown in (equation 
3.6). 
𝛥𝐸 = g µB B0  𝛥ms          (3.6) 
where g is the g-factor and it is a proportionality constant approximately equal to 2 for most 
samples, µB is Bohr magneton, ms is total spin angular moment, s is spin quantum number, 
𝛥ms is change in spin state usually equal to ±1 [44,45]. 
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Figure 3.16: Resonance condition of ESR [45]. 
 
For the two spin states transition to occur, there must be energy differences which is given by 
equation 3.7, 
𝛥𝐸 = hv = g µBB0   and   µB = ge β /2         (3.7) 
where ge is the g-factor, µB is Bohr magneton and B0 is the applied magnetic field. 
 
If there is no applied magnetic field the two spin states will have the same energy which 
results in no energy difference to measure. From figure 3.16, there is linear divergence in the 
energies of the two spin state when the magnetic field is increased. In order to obtain a 
spectrum the electromagnetic radiation frequency is kept constant while the magnetic field is 
varied. If the energy of the radiation matches the energy difference of the two spin states, an 
absorption peak is formed due to the magnetic field applied to the two spins. This field is 
known as the resonance field [42]. 
In the ESR, the klystron generates the microwave, which is the source [41]. The 
radiant energy frequency is around 9.5 GHz for microwave region. The Klystron is a low-
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noise vacuum tube. The attenuator is used to adjust the microwave power that the sample sees 
inside the cavity. The sample cavity which is also known as the resonator amplifies the small 
signal from the sample in the sample cavity and the microwave enters the resonator by an iris 
[46]. The detector, usually a diode is used to reflect the microwave resonated from the sample 
cavity [44]. 
Electron spin resonance (ESR) study is a well-established powerful technique, which 
can effectively investigate the microscopic details of spin dynamics of electrons inside the 
system leading to the diverse magnetic behaviours. It is highly sensitive to detect para- and 
ferromagnetic phases, anisotropy, magnetic inhomogeneity, high frequency loss, defect 
centers and spin splitting g factor in novel multifunctional materials. It is reported that it is 
capable of detecting 1011 spins at room temperature [37 - 39].          
When exposed to microwaves, magnetic materials exhibit resonance phenomena in the 
presence of an external magnetic field satisfying Larmor’s condition. The line width of the 
absorption peaks, resonance field, g factor and integral intensity can provide information 
about the magnetic ordering inside the system. The fine structure of ESR spectra indicates the 
effective spin and local environment. Its amplitude predicts magnetization, hyperfine structure 
reflects coupling to nuclear spins and spin relaxation provides information about dynamic 
coupling with neighbouring spins [41]. ESR on polycrystalline samples gives facts on the 
description of ferromagnetism due to the extrinsic inter-growth defects and the intrinsic short 
range order. All components of the ESR are shown in figure 3.17. 
Bruker EMX spectrometer (figure 3.18) operating at 9.45 GHz is equipped with an 
oxford ESR 910 continuous flow cryostat and a field modulation frequency of 100Hz is used 
in this work to investigate the magnetic response of Zn1-xCrxO (x= 0.01, 0.05 and 0.09) 
diluted magnetic semiconductor. Interesting results were obtained which will be discussed in 
chapter four of this report. 
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Figure 3.17: Block diagram of Electron Spin Resonance Spectrometer [48]. 
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       Figure 3.18: ESR Bruker EMX spectrometer used in this work 
 
3.2.8 Superconducting quantum interference devices (SQUID) 
 The SQUID uses the phenomena of Josephson tunneling and flux quantization, it is 
very sensitive to magnetic flux [47, 49], it measures the output voltage signal and magnetic 
flux. The output voltage and magnetic flux is as result of the periodic function of a flux [48, 
50, 51]. SQUID is able to detect small magnetic fields and can measure fields to the range of 
10-15 T. It has a central element that is made up of a ring of semiconducting material [52].  
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Figure 3.19: Schematic diagram of SQUID Magnetometer [54]. 
The SQUID functions essentially as a superconducting sensor [48]. We have used the SQUID 
set up in this thesis to detect the magnetization of the samples Zn1-xCrxO (x= 0.01, 0.05, 0.09). 
The samples were mounted on the sample holder and then placed in the gap of the magnet. 
The gap magnet supplies the static magnetic field. Magnetic measurements of the samples 
were recorded at room temperatures (300K) and low temperature (10K) using SQUID with 
maximum field of 10,000e. 
 The SQUID magnetometer was used for the following: 
 3.2.8.1 Magnetization and Applied field (Hysteresis) 
Here a magnetic field was applied and swept from zero up to a positive value such that 
saturation magnetization was reached and then back through zero to a negative value and then 
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back to the positive value through zero field. The parameters obtained from hysteresis 
measurement were coercivity (Hc), saturation magnetization (Ms) and saturating field (Hs).  
3.2.8.2 Zero-field-cooled (ZFC) magnetization 
The sample was cooled in zero field A small magnetic field, necessary to probe the system 
was applied at the lowest temperature, and the magnetization recorded on heating. 
3.2.8.3 Field-cooled (FC) magnetization 
The sample was cooled in a small field down to the lowest temperature, while the 
magnetization was recorded. One could also collect the magnetization on re-heating. 
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CHAPTER FOUR 
STRUCTURAL, OPTICAL, AND MAGNETIC PROPERTIES OF Cr 
DOPED ZnO 
4.1 Structural Properties 
4.1.1 SEM Analysis 
Scanning electron microscopy studies for morphological analyses were carried out using SEM 
(Philips FEG Xl’30). The scanning electron micrographs of Cr doped ZnO samples are 
presented in Figure 4.1. The micrographs of 500 C and 800 C sintered Zn0.99Cr0.01O samples 
are observed to show the arrangement of micro-grains uniformly throughout the surface.  
 
Figure 4.1: Scanning electron micrographs of polycrystalline Zn1-xCrxO (0.01 ≤ x ≤ 0.09). 
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Whereas an inhomogeneity in the shape and size of Zn0.95Cr0.05O and Zn0.91Cr0.09O samples 
sintered at 500 C is observed, the same is seen to be somehow reduced in the 800 C sintered 
samples.  In the 500 C sintered Zn0.91Cr0.09O samples the arrangement of grains is closer to 
each other with low volumetric pore percentage, which might be the cause of higher 
magnetism observed for this sample which is discussed later.  The micrograph of this sample 
shows the arrangement of both large and small grains. The average grain size in this case is 
more in comparison to other samples. 
4.1.2 XRD Analysis  
         To analyse the crystalline nature of the samples and verify the incorporation of Cr into 
the ZnO structure, XRD study has been performed on the doped samples. In the XRD patterns 
presented in Figure 4.12 all the ZnO peaks are indexed to P63 mc space group with lattice 
parameters a = 3. 252 Å and c = 5.206 Å. Lattice Geometry equation ( equation 4.1 and 4.2) 
was used to calculate the lattice parameters such as the lattice constant a and c, interplanar 
spacing d, and unit cell volume [1].  
        (4.1) 
          (4.2) 
where hkl is the Miller indices. 
A small impurity peak is detected for the sample of Zn0.99Cr0.01O sintered at 500 C 
temperatures which is identified as a chromium oxide peak. This disappeared after annealing 
at 800 C.  When the dopant concentration is 5%, impurity peaks corresponding to Cr2O3 
appear and are also present in the samples doped at 9% sintered at 500 C and 800 C.  
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However, additional peaks corresponding to CrO2 phase are detected only in the 
samples doped at 9%, sintered at 500 C and 800 C. The decreasing FWHM value with the 
increasing sintering temperature (Figure 4.12 inset) suggests increased crystalline nature with 
the sintering temperature.  Peak shifts of all the doped samples sintered at 500 C and 800 C 
presented in Fig. 4.13 and Fig 4.14 respectively show slight shift of the (101) peak towards 
higher 2θ value with increased dopant concentration of Cr. This is due to incorporation of 
Cr3+ ions with radii 0.064 nm into Zn (0.074 nm) sites. Calculation from Williamson-Hall 
analysis listed in Table 4.1 and 4.2 indicates an increase in the strain value with increasing 
dopant concentration for the 500 C sintered samples.  
 
Figure 4.12 X-ray diffraction patterns of Zn1-xCrxO (0.01 ≤ x ≤ 0.09). Inset: Variation of 
FWHM with Cr concentration in Zn1-xCrxO at sintering temperature of 500 C and 800 C. 
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This gives rise to a decrease in the crystallite size. For 800 C sintered samples an improved 
crystallite growth has been observed; the change in the size with dopant concentration has 
been very small. There is almost no change in the c/a value, bond length, interplaner spacing 
and small change in the cell volume of the samples (Table 4.1 and Table 4.2), which suggest 
negligible lattice distortion of ZnO due to Cr doping. The stress introduced by Cr impurity 
phases and corresponding strain give rise to a change in the unit cell volume.  However, the 
appearance of CrO2 phase in the 9% doped samples and observed ferromagnetic behaviour for 
the sample indicates a partial Cr ions substitution in the host lattice site of this sample. 
 
 
Figure 4.13: XRD (101) peak shift of Zn1-xCrxO (0.01 ≤ x ≤ 0.09) sintered at  500 C  
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Figure 4.14: XRD (101) peak shift of Zn1-xCrxO (0.01 ≤ x ≤ 0.09) sintered at  800 C  
Table 4.1: Lattice parameter, unit cell volume in Zn1-xCrxO samples sintered at 500 C and 
800 C. 
Samples Lattice Parameters 
 
Unit cell Volume c/a 
Sintered at 500 
°C 
Sintered at 800 
°C 
Sintered 
at 500 °C 
Sintered 
at 800 °C 
Sintered at 
500 °C 
Sintered at 
800 °C 
 ‘a’ in 
Å 
‘c’ in 
Å 
‘a’ in 
Å 
‘c’ in 
Å 
Zn0.99Cr0.01O 
 
3.255 5.176 3.256 5.175 47.50 47.54 1.590 1.589 
Zn0.95Cr0.05O 
 
3.255 5.178 3.252 5.172 47.54 47.38 1.590 1.590 
Zn0.91Cr0.09O 
 
3.257 5.177 3.256 5.173 47.57 47.52 1.589 1.588 
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Table 4.2: Strain, crystallite size, optical band gap in Zn1-xCrxO samples sintered at 500 C 
and 800 C. 
Samples Strain (10-3) Crystallite size in nm 
(Scherer formula) 
 
Optical band gap in eV 
(Tauc plot) 
Sintered at 
500 °C 
Sintered at 
800 °C 
Sintered at 
500 °C 
Sintered at 
800 °C 
Sintered at 
500 °C 
Sintered 
at 800 
°C 
Zn0.99Cr0.01O 
 
.719 1.0 36.68 37.59 3.163 3.142 
Zn0.95Cr0.05O 
 
.790 1.1 34.07 38.04 3.157 3.138 
Zn0.91Cr0.09O 
 
1.2 1.0 31.93 38.15 3.149 3.1.9 
 
4.1.3 FTIR Analysis 
For element composition study FTIR spectra was obtained from IRTracer-100 (Shimadzu). 
To study the element composition of the samples sintered at 500 C and 800 C, FTIR 
spectroscopy was performed and the spectra are presented in Figure 4.15 (a) and (b) 
respectively. The main absorption band corresponding to Zn-O stretching mode is observed 
around 430 cm-1 for 1% doped sample sintered at 500 C with a shoulder at 540 cm-1 which is 
shifted gradually towards lower wavenumber when the dopant concentration increases. But in 
the 800 C sintered samples all the three peaks are located at the same wavenumber.  
 
Figure 4.15: FTIR Spectra of Zn1-xCrxO (a) sintered at 500 C and (b) sintered at 800 C 
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Peaks observed around 1330 cm-1 correspond to H-O-H bending vibration due to the moisture 
in the samples. The broad absorption peak around 3800 cm-1 represents the stretching 
vibration of O-H group and absorption peaks around 2300-2400 cm-1 are due to C-O bonds [2, 
3]. However, Cr doping and sintering in ZnO has introduced additional peaks as well peak 
shifts of different vibrational modes. 
 
4.1.4 UV-Vis Analysis 
        Optical absorbance spectra of the samples were recorded in the range 360-800 nm as 
shown in Figure 4.16. It is observed that the absorption band edge shifts towards higher 
wavelength with increasing Cr contents in the samples. Optical band gaps in the Cr doped 
ZnO samples are calculated from the Tauc relation:  αhυ = A (hυ-Eg) 2; extrapolation of Tauc 
plot (inset Figure 4.16) shows decrease in the band gap with increasing Cr concentration in 
ZnO.  
 
Figure 4.16 UV-Vis Spectra of Zn1-xCrxO (a) sintered at 500 C and (b) sintered at 800 C 
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This narrowing of band gap is due to Cr doping which introduces allowed energy states in the 
band gap of ZnO. It is presumed that there has been the sp-d exchange interaction between 
band electrons of ZnO and localised d electrons of Cr dopants [4].  
4.1.5 Photoluminescence (PL) Analysis 
For optical spintronics devices, it is necessary to create transparent magnetic semiconductors 
that can show optical emission at room temperature.  To explore more into optical property 
and its relation with defects, photoluminescence (PL) is performed on all the doped samples. 
Figure 4.17 and Figure 4.18 presents the PL spectra of the Cr doped ZnO samples sintered at 
500 C and 800 C respectively. The spectra for samples sintered at 500 C (Figure 4.17)  
consisted of two parts: narrow peak in the ultraviolet (UV) region and another in visible light 
(Vis) region. In UV region, the emission peak is at 378 nm which is generally originated from 
the near-band-edge (NBE) excitonic transition in wide band gap of ZnO [5, 6]. The observed 
slight blue-shift of the emission peak (from 382 to 378 nm) might be due to spin-correlated 
exciton formation and crystal deformation through Cr doping and indicates that Cr doping can 
slightly tune the energy level and band gap of ZnO, which is also confirmed in the UV-Vis 
study. 
           In visible region, two peaks are observed at 441 nm and 533 nm for all the doped 
samples. The strong blue emission band centred at 441 nm for all the samples sintered at 500 
C is attributed to the transitions between the shallow donor levels of Zn interstitial to the top 
of the valence band [7] or the transitions between shallow acceptor levels of oxygen vacancies 
and shallow donor levels of zinc vacancy [8]. The mechanism of the green luminescence at 
around 500-550 nm in ZnO is correlated to oxygen vacancies [9], in which the emission 
results from the recombination of photo generated hole with an electron occupying the oxygen 
vacancy [10, 11]. The deep level emission band at 553nm is quite suppressed, which indicates 
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that the existence of Cr dopants can enhance the excitonic recombination radiation [12]. The 
narrow width and low intensity of the green emission peak at 553nm points towards the 
presence of oxygen vacancies in the three samples. Up to now, researchers have demonstrated 
that the defects or oxygen vacancies have significant influence on the magnetic property of 
materials [13, 14].  In the spectra of   800 C of Figure 4.18, the UV emission band located at 
378 nm is broader in width as compared to the 500 C sintered samples. As for the Cr-doped 
ZnO, more electrons caused by chromium dopants take up the energy levels located at the 
bottom of conduction band. When they are excited by the laser of 325 nm, the excitons take 
up higher energy levels at the bottom of the conduction band.  
 
Figure 4.17 Photoluminescence spectra of Zn1-xCrxO (0.01 ≤ x ≤ 0.09) sintered at 500 C 
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Figure 4.18 Photoluminescence spectra of Zn1-xCrxO (0.01 ≤ x ≤ 0.09) sintered at 800 C. 
The radioactive recombination of these excitons may lead to blueshift and the broadening of 
the UV emission peak [15]. In the deep level visible emission region, each of the three Cr 
doped samples sintered at 800 C, display a broad defect-related visible luminescence band in 
the range of 440–540 nm. The broad visible green emission observed demonstrate that the 
samples have considerable defects mostly in the form of oxygen vacancy and clusters. 
However, it is significant to notice that both the UV emission peak and the deep level 
emission peak have been reduced in intensity for the 9 at. % doped samples, as compared to 
1%   and 5% Cr doped samples, which may be an indication that Cr-Cr interaction has been 
assisted by oxygen vacancies to yield fair magnetisation value in these samples as discussed 
later.  
          When the ratio of UV peak intensity to visible IUV/Ivis was calculated, it was observed 
that the ratio of 5% and 9% Cr doped ZnO sintered at 500 C and the 9% Cr doped sample 
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sintered at 800 C is higher as compared to that of 1% doped sample, indicating better optical 
property with increasing Cr concentration. The IUV/Ivis value depends on the competition of 
luminescence centre involving ultraviolet and visible light, the augment of IUV/Ivis value 
indicate that the luminescence efficiency is enhanced, which reveals that Cr doping in ZnO 
could improve the exciton recombination probability. 
4.1.6 Raman Analysis 
         Raman spectra of 500 C sintered Zn0.99Cr0.01O, Zn0.95Cr0.05O, Zn0.91Cr0.09O and 500 C 
& 800C sintered Zn0.91Cr0.09O are presented in Figure 4.19 and Figure 4.20. The spectra 
shown in Figure 4.19 reveal all the standard phonon modes corresponding to bulk ZnO 
ceramic [16 - 18]. However, for all the doped samples there is a slight shift towards the low-
frequency side, which depends on the residual stress, structural disorder and crystal defect in 
the samples. The vibration mode at 438 cm−1 is ascribed as E2 (high) phonon mode, which is 
the typical Raman peak of ZnO bulk, has been seen to be present in all the samples. The 
tetrahedral sites in the wurtzite structure of ZnO are occupied by Zn ions which generate new 
crystalline lattice defects when substituted by ions of magnetic dopants [19]. For ZnO, Raman 
peak observed in between 570 and 590 cm-1 is assigned to A1(LO) mode and is normally 
considered to be associated with structural disorders, such as oxygen vacancy, Zn interstitial 
and their combination, due to the strong dependence on the oxygen stoichiometry [20, 21]. 
Such a peak is located at 553 cm-1 which is quite narrow and has relatively high intensity for 
all the samples except for the 1%   Cr doped sample. In Figure 4.19, additional Raman peaks 
are observed at 294, 334, 351, 529, 614 cm-1, which are all identified as peaks corresponding 
to the vibration modes of Cr2O3 secondary phase in doped ZnO. It is noted that the defect 
induced peak of ZnO has been red-shifted and merged with the A1g vibration peak of Cr2O3 at 
553 cm-1 for the three samples of Zn0.95Cr0.05O & Zn0.91Cr0.09O sintered at 500 C and 
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Zn0.91Cr0.09O sintered at 800 C.  It is also noted that all the prominent Raman peaks 
corresponding to CrO2 vibration modes; Eg (462 cm-1), A1g (580 cm-1), B2g (674 cm-1) and B1g 
(693 cm-1), are appearing in the spectra of these three samples. Particularly, for Zn0.91Cr0.09O 
sintered at 500 C temperatures, the B2g and B1g peaks of CrO2 vibration modes are merged to 
become a broader peak.  
 
     Figure 4.19 Raman spectra of Zn1-xCrxO sintered at 500 C and 800 C 
It is further noticed that for the 1% Cr doped ZnO sample sintered at 800 C (Figure 4.20), the 
defect induced peak is almost absent, whereas the intensity of the E2 (high) characteristic 
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Raman peak is quite high. Similar observation is also noted for 1% Cr doped ZnO sintered at 
500 C (not shown).  On the other hand, the integrated intensity ratio of A1 (LO) mode to E2 
(High) mode [IA/IE] increase both for the 5% and 9% Cr doped ZnO samples sintered at 500 
C.  
 
Figure 4.20  Broad Raman spectra of Zn1-xCrxO from 425 - 575 cm-1. 
 
The narrow and high intensity nature of the defect mode peak indicates the presence of 
oxygen vacancy in these two samples. In the 9% Cr doped ZnO samples; the IA/IE ratio has 
been reduced. It is not possible here to estimate the relative content of CrO2 from the intensity 
ratio between CrO2 and Cr2O3 peaks, as surface reactions like 2CrO2→Cr2O3+1/2O2 often  
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occur which changes the final composition at the surface of the specimen [22].  It appears that 
with the increment of Cr content, the host lattice defects in ZnO matrix are activated.  Cr3+ 
ions replacing Zn2+ ions could make more carriers than intrinsic activated donor defects (Zni, 
VO) by isovalent doping. In fact, the increase in [IA/IE] in Zn1−xCrxO indicates the creation of 
carriers with Cr incorporation. It is reported that [23] the major characteristic is universal to 
all of the models describing ferromagnetism in DMS is the strong electronic coupling between 
the magnetic ions and charge carriers created at the Fermi level.   
 
4.1.7 Electron Spin Resonance (ESR) Analysis 
         The Zn1−xCrxO samples of all compositions were subjected to electron spin resonance 
(ESR) characterization at room temperature and the recorded spectra are presented in Figure 
4.21.  1 at. % Cr doped ZnO samples sintered at 500 C and 800 C did not show any ESR 
signal, hence are not included in the figure 4.21. These two samples are seen to exhibit strong 
diamagnetic behaviour at room temperature (M-H plot in Figure 4.22 and Figure 4.23). ESR 
spectra of other four doped samples have a similar line shape, with the centre of resonance of 
Zn0.95Cr0.05O sample sintered at 500 C showing a shift towards lower field due to a possible 
internal field.  The resonant signal corresponding to an effective g-value of 1.97 for the 
samples, may be attributed to the typical exchange coupled Cr3+ ion pairs [24, 25], concluding 
that trivalent states are dominant if the chromium concentration significantly exceeded the 
concentration of shallow donors in the system. The two 500 C sintered samples of 
Zn0.95Cr0.05O and Zn0.91Cr0.09O have very broad signals with peak-to-peak line width of 431 
and 564 G respectively. The broad signal is attributed to ferromagnetic resonance, arising 
from the secondary phases of Cr oxides and their inhomogeneous arrangement inside the 
system [24 - 27]. The broadening of the signal is an indicative of magnetic inhomogeneity of 
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the sample, whereas signals appearing in higher field regions points toward the existence of 
impurity phases in the samples. Samples of Zn0.95Cr0.05O and Zn0.91Cr0.09O sintered at 800 C 
exhibits sharp resonance signals with improved magnetic homogeneity, with line width of 221 
Oe respectively. These two samples show paramagnetic and antiferromagnetic behaviours 
respectively (Figure 4.21). Tentatively it can be suggested that Cr3+ is localized in the 
octahedral site and correspond not only to the Cr3+ ions observed in the compound, but also to 
an unpaired electron trapped at an oxygen vacancy site. It is possible that the broad line of the 
Cr3+ ions overlap with the resonance line of an unpaired electron trapped on an oxygen 
vacancy site.  
 
 
 
Figure 4.21 Electron spin resonance spectra of Zn1-xCrxO,  x=0.05 sintered at 500 C and 800 
C and  x= 0.09 sintered at 500 C and 800 C 
81 
 
 
 
Figure 4.22 M~H curves of Zn1-xCrxO (0.01 ≤ x ≤ 0.09) at T = 10 K 
 
Figure 4.23 M~H curves of Zn1-xCrxO (0.01 ≤ x ≤ 0.09) at T = 300 K 
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         Cr doping effect on the magnetic property of ZnO in our experiment has been presented 
in the M-H plot of Figure 4.22 and Figure 4.23. The magnetic field dependent magnetization 
at 10K shows antiferromagnetic nature for all the samples as shown in Figure 4.22.  As it is 
reported that the Neel transition temperature of Cr2O3 is 309 K, at low temperature, AFM 
ordering is pronounced and therefore, all the samples shows AFM behaviour.  However, at 
room temperature (300K), magnetic field dependent magnetization study for Zn0.99Cr0.01O 
sintered at 500 C and 800 C show diamagnetic behaviour Figure 4.23. It is well known that 
when present in near proximity, Cr-Cr interaction exhibit antiferromagnetic nature.  In our 
case when dopant level is low and dopants are distributed randomly inside the host 
semiconductors, the distance between the Cr ions is usually very large. Hence, the possibility 
of exchange interaction between Cr-Cr ions is almost negligible and the diamagnetic 
behaviour of ZnO is pronounced. This diamagnetic behaviour of Zn0.99Cr0.01O is changed  
when Cr concentration in ZnO is increased to 5 at. % and 9 at. % level.  Zn0.95Cr0.05O and 
Zn0.91Cr0.09O samples sintered at 500 C shows ferromagnetic behaviour at room temperature. 
This may be due to the co-existence of a higher percentage of Cr2O3 phase and a lower 
percentage of CrO2 phase in them. As widely observed, the magnetic behaviour of typical II-
VI DMS materials has been due to the indirect sp-d interactions between the transition metal 
(TM) atoms, which could either be due to double-exchange (DE) or super-exchange (SE) 
interactions. While the former is a FM process, the later can be either FM or AFM for TMs 
with less than half filled d-shell [30]. It is presumed that presence of Cr in both 3+ and 4+ 
valence states inside the systems increases the long range exchange interaction and is 
responsible for the ferromagnetic behaviour.  Usually higher magnetic moment is ascribed to  
an increasing occurrence of antiferromagnetic coupling between neighbouring magnetic ions 
due to super exchange interaction [31].  Favourable ferromagnetic super exchange between  
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Cr3+ may take place when a majority p-electron is transferred, increasing the spin and 
lowering the ground state energy in accordance with Hund’s rule [32, 33]. Therefore, we 
conclude that super exchange interactions for higher dopant concentration are the cause of 
room temperature ferromagnetism for 5 at. % and 9 at. % Cr doped ZnO samples sintered at 
500 C. 
  On the other hand, the 800 C sintered Zn0.95Cr0.05O sample does not show 
ferromagnetism because of the unstable phase CrO2 decomposing to stable Cr2O3 phase 
facilitated at higher temperature [22], which is evident in the XRD pattern of Figure 4.12. Due 
to the inhomogeneous arrangement of grains and distribution of Cr ions in the compound, 
antiferromagnetic behaviour is observed for this sample.  
       The antiferromagnetic ordering is also confirmed from the temperature dependent 
magnetization curve shown in Figure 4.24. The room temperature diamagnetic behaviour is 
evident both for the 500 C and 800 C sintered Zn0.99Cr0.01O samples, where at lower  
temperature the samples show positive value of magnetisation.  As seen clearly in the figure, 
both FC and ZFC curves diverge from each other below room temperature; but not saturated 
by lowering the temperature. Steady increase at low temperature, is an indication of PM/AFM 
nature of the samples. The bifurcation of FC and ZFC increases with the increasing 
concentration of Cr in ZnO. A decrease in magnetization value at around 25~30 K in the 800 
C sintered specimen of Zn0.95Cr0.05O and Zn0.91Cr0.09O has been noticed. Such type of 
decrease in magnetization is attributed to the presence of Cr2O3 in the samples. As it is 
evident from the micro-Raman analysis that oxygen vacancies are abundant in the 800 C 
sintered samples, at low temperature the oxygen vacancies are responsible to mediate super-
exchange interaction between Cr-Cr ions to show reduced magnetic moment. 
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Figure 4.24: Magnetization vs. Temperature (M-T) curves of Zn1-xCrxO (0.01 ≤ x ≤ 0.09) 
sintered at 500 C and 800 C. 
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4.2 Conclusion 
 In summary, we report that from the Polycrystalline Zn1-xCrxO (0.01 ≤ x ≤ 0.09) 
samples synthesized by solid state reaction and from XRD patterns and Raman spectra, 
secondary phases have been detected with samples x ≥ 0.05. Improved optical properties of 
the samples compared to undoped ZnO from Photoluminescence study. Low percentage of Cr 
doped samples showed diamagnetic behaviour while higher percentage doped samples ≥ 5% 
show ferromagnetic, paramagnetic behaviours depending upon sintering temperatures. 
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   CHAPTER FIVE 
CONCLUSION AND FUTURE WORK 
5.1 Conclusions 
In order to produce semiconductor based spintronic devices, it is important to improve 
existing functionality and developing new functionality like the spin LED, spin transistors etc. 
To attain this type of functionality it is expedient that the DMS material should be 
ferromagnetic at just above room temperature or at room temperature. It is also important that 
the ferromagnetism of the DMS material should be intrinsic and single phase that is to say the 
ferromagnetic behaviour is not as result of secondary phases or precipitates present in the 
material.  
 We have presented the structure and spin dynamics of transition metal doped ZnO 
focusing on Zn1-xCrxO (x= 0.01, 0.05, 0.09), using Cr as the dopant material. Cr doping and 
the sintering effect on the optical and magnetic behaviour of ZnO has been investigated. 
Creation of chromium secondary phases like Cr2O3 and CrO2 in the samples with dopant level 
≥ 0.05 has been established through the XRD and Raman studies. PL study performed on the 
samples indicates better optical property due to Cr doping.  UV-Vis study shows decrease in 
band gap with increasing dopant concentration for both the sintering temperature. It is 
presumed that the Cr–O–Cr super exchange interaction is the controlling factor for the typical 
magnetic behaviour observed in the Zn1−xCrxO (0 ≤ x ≤ 0.09), consequently, leading to an 
enhancement of FM ordering with the increase in Cr content. ESR and XRD studies support 
the +3 valence state of Cr in ZnO matrix. It is believed that Cr doping as well as the slow step 
sintering schedule adopted during sample synthesis has created suitable environment for 
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enhanced magnetic and optical property in ZnO. The sintering process also seen to affect 
magnetic homogeneity in the doped system.  
5.2 Future Work 
Polycrystalline sample of Zn1−xCrxO was focussed on this study and having successfully 
studied Cr doping and the sintering effect on the optical and magnetic behaviour of ZnO, we 
will be studying other transition metals such as Co, Fe, Ni and Mn as well as rare earth 
elements like Gd, Sm, Eu, Dy doped ZnO systems for our future work. This will enable us 
understand more on the optical properties and magnetic behaviour of rare earth metal/TM 
doped ZnO systems of DMS materials. 
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Appendix  
A.0 Publications 
1. Effect of Cr doping and slow step sintering process on the optical and magnetic 
properties of Zn1-xCrxO (0.01 ≤ x ≤ 0.09). (Revised manuscript submitted to Journal of 
Materials Chemistry and Physics).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
